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Objective: Structural and biochemical changes in articular cartilage occur throughout the pathogenesis of
osteoarthritis (OA). Early changes include proteoglycan loss and collagen network disorganization at or
near the articular surface. These changes accompany reductions in mechanical properties of cartilage, yet
the relationships betweenmechanics and structure in early OA are poorly deﬁned. Thus, the overall goal of
this work was to measure changes in the microscale mechanics and structure of the articular surface in an
in vivomodel of OA to better understand the early pathogenesis of cartilage degeneration in this disease.
Design: A canine cranial cruciate ligament transection (CCLx) model was used. The contralateral joint
served as an internal control (Ctl). The frequency dependence of the dynamic indentation modulus (E*)
was evaluated, and creep behavior was measured to estimate the instantaneous (Ei,inst) and equilibrium
(Ei,eq) indentation moduli and longest creep time-constant (s). These functional parameters were related
to microscopic metrics of cartilage structure and biochemistry, measured by polarized light microscopy
and digital densitometry of proteoglycan staining by safranin-O.
Results: CCLx and Ctl cartilage exhibited frequency sensitivity. Ei,inst, Ei,eq, and s were lower in CCLx vs Ctl
cartilage. These mechanical changes were accompanied by a reduction in superﬁcial zone thickness and
changes in superﬁcial zone collagen organization, as well as a non-signiﬁcant reduction in superﬁcial
zone proteoglycan staining.
Conclusions: Changes in the microscale viscoelastic behavior of the cartilage surface are a functional
hallmark of early OA that accompany signiﬁcant changes to the microstructural organization of the
collagenous extracellular matrix.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Themechanical behavior of articular cartilage is governed by the
quality of its extracellular matrix (ECM), which consists primarily of
collagen ﬁbers that restrain a hydrated gel of proteoglycans.
Together, these important molecules form a complex material with
distinct mechanical properties. Studies of articular cartilage
mechanics have emphasized the time-dependent nature of these
properties, which is due to ﬂow-dependent and ﬂow-independent
(intrinsic) viscoelastic effects. These bulk mechanical properties
have been well studied in normal cartilage and estimated using
continuum theoretical models that include ﬂow-dependent and
ﬂow-independent contributions (e.g.,1e10 ).J.R. Matyas, McCaig Institute
Heritage Medical Research
lgary, AB, Canada T2N 4N1.
chers), mamrein@ucalgary.ca
s Research Society International. PIn degenerative joint diseases such as osteoarthritis (OA),
impairments in mechanical function are associated with changes in
the structure and biochemistry of articular cartilage. The earliest
biochemical and morphological evidence of cartilage catabolism in
OA includes proteoglycan depletion and collagen disruption of the
articular surface (e.g., Refs. 11e14 ). These early surface changes are
difﬁcult to detect and interpret with bulk tests because the
mechanical behavior is averaged over the full cartilage depth. Hence,
the spatial and temporal relationships among morphological or
biochemical changes and the loss ofmechanical function are notwell
deﬁned and it remains unknown if functional changes precede or
follow structural changes in cartilage degeneration. Moreover, it is
unclear exactly how functional changes at the organ and tissue level
relate to microscale structural and functional changes. A functional
test that candetectmechanical changes of the cartilage surfacewould
help deﬁne the pathophysiological consequences of morphological
and biochemical changes to the macromolecular network during the
initial pathogenesis of OA.
Atomic force microscopy (AFM) has been used previously to
deﬁne the nano- to microscale structural and mechanicalublished by Elsevier Ltd. All rights reserved.
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1.  t < t
-0.5: Cantilever tip away from surface. 
2.  t
-0.5 < t < t0-: Cantilever approaches cartilage surface 
(for a 15 µm/s loading rate, approach 
takes approximately 0.5s).  Inertial effects 
create a small bending deflection of the 
cantilever as it moves through PBS 
towards cartilage surface. 
3.  t0- < t < t0: Inflection in the slope of vertical 
deflection force vs time indicates contact. 
4.  t0:  Onset of creep (t0) defined where vertical 
deflection force exceeds 95% of creep 
load. 
5.  t > t0: Creep. 
Fig. 1. Representative unprocessed force and indentation depth vs time data for one
second before and after surface contact. Thick dashed curve indicates cantilever
position; thin solid curve indicates cantilever identation force.
J. Desrochers et al. / Osteoarthritis and Cartilage 20 (2012) 413e421414properties of the articular surface in healthy and diseased
cartilage15e21. For example, indentation-type AFM (IT-AFM) has
been used to estimate the dynamic indentation modulus (E*) of the
surface of normal articular cartilage15e17,22, enzymatically digested
porcine cartilage17, cartilage from a knock-out murine model16 and
a canine model20 of OA, as well as human OA cartilage16. Recently,
the time-dependent mechanical parameters of normal and
enzymatically-digested bovine articular cartilagewere estimated in
a micro/nano-indentation stress-relaxation experiment21.
The current study uses AFM tomeasure the load rate-dependent
dynamic indentation modulus and the microscale creep response
of the articular cartilage surface in injured and contralateral joints
in a validated in vivo model of early OA. Creep mechanics (instan-
taneous and equilibrium moduli and creep time-constant) were
estimated from a three-element spring-dashpot model and related
to the proteoglycan content and collagen organization to inform
our understanding of the microscale structure and function of the
articular surface in healthy vs injured cartilage. These mechanical
data can be used to enhance realistic microscale models of
cartilage mechanics. They also deﬁne functional targets for repair
tissues and tissue-engineered constructs and provide baseline
data for functional diagnostic tests of cartilage integrity (e.g., an
in vivo arthroscopic AFM23e25).
Methods
Experimental model
Osteochondral prisms (roughly 5  10 mm and 2e3 mm thick)
were harvested within 24 h of sacriﬁce from the apex of the
medial femoral condyle of six mixed-breed dogs 13 weeks after
unilateral cranial cruciate ligament transection surgery (CCLx)20,26.
The contralateral joint served as an internal unoperated control
(Ctl). A round needle dipped in India ink was used to create carti-
lage ‘split lines’27 on articular surfaces as indices of surface collagen
orientation for microscopic analyses. Each osteochondral sample
was glued with cyanoacrylate to a glass slide and immersed in PBS
for AFM analyses, which were performed immediately after tissue
harvest at two or three central locations on the osteochondral
surface20. Adjacent osteochondral prisms were used to evaluate
collagen organization and proteoglycan distribution.
Time-dependent AFM analyses
AFM experiments were conducted using a NanoWizard-II AFM
(JPK Instruments, Berlin). Silicon cantilevers (nominal spring
constant, 40 N/m; Applied Nanostructures, Santa Clara, CA) were
conjugated with spherical glass tips (nominal radius, 2.5 mm; Duke
Scientiﬁc, Palo Alto, CA). Cantilever spring constants were individu-
ally calculated from thermal ﬂuctuations28 as implemented in the
AFM software (SPM Software Release 3.4,  JPK Instruments AG,
Berlin).
Cyclic indentation
Cyclic indentation loads were applied to the cartilage surface at
two central sampling sites in the 50  50 mm ﬁeld of view. 128
loadedisplacement curves were recorded at each site at two
indentation frequencies: 2 Hz and 10 Hz (corresponding to load
rates of 15 and 75 mm/s, respectively), under three indentation force
magnitudes: 1, 2 and 5 mN. The range of applied load magnitudes
and the 2 Hz load rate were selected to approximate a physiologi-
cally relevant applied pressure and frequency within the range of
our AFM system and previous AFM studies on cartilage16e18,20.
The 10 Hz loading frequency is the upper limit of the AFM systemand is within the range of other studies investigating the load rate-
dependence of cartilage surface mechanics with AFM (e.g.,
Refs. 15,21). The 2 Hz datawere reported in an earlier study20 and are
extended here to include the 10 Hz data. The dynamic indentation
modulus (E*) was calculated as a function of Poisson’s ratio (n),
indentation stiffness (k) and the projected cross-sectional area of
the spherical indenter (A), (Equation 1)17,18,20,29. The indentation
stiffness was determined from the tangent of the upper quartile of
each unloading curve17,20. A Poisson’s ratio of n ¼ 0.07520 was used
for all AFM analyses, as it was previously shown not to vary in this
model of OA30.
Calculation of dynamic indentation modulus, after29:
jE*jzE ¼
ﬃﬃﬃ
p
p
2

1 v2
 kﬃﬃﬃ
A
p Equation 1AFM creep testing
Creep data were recorded under 1 mN from a central sampling
site directly following cyclic indentation tests. Indentation loads
were applied to the cartilage surface at 15 mm/s and then held
constant for at least 15 s. Cantilever position (y), deﬂection force (d)
and time (t) were recorded at a data acquisition frequency of 100Hz
(Fig. 1).
Creep modeling
The initial contact point (d0, t0) e shown as an inﬂection in
applied force (Fig. 1, region 3) e was identiﬁed using the baseline
and contact point operations in the data processing software (JPK
DP, version spm-4.0.13þ, JPK Instruments AG, Berlin). For these
J. Desrochers et al. / Osteoarthritis and Cartilage 20 (2012) 413e421 415creep tests, loading takes approximately 200 milliseconds (range,
30e400 milliseconds). Thus, a step load is assumed giving t0z t0-.
Creep-time (tc), creep indentation depth (dc), and creep indentation
force (Fc), were adjusted by removing the non-contact region
(Fig. 1, regions 1e3) and offsetting the remaining data by d0 and t0.
The time-dependent indentation modulus of the cartilage
surface under creep loading was modeled using an analytical
contact mechanics model. At each point along the Fcedc curve, the
effective indentation modulus (Ei) was computed from a Hertz
approximation (Equation 2)15,21, with n ¼ 0.07520. The indentation
modulus vs creep-time data were curve ﬁt to Equation 3 via
a nonlinear least squares regression method implemented in
Matlab (R2008a, MathWorks, Inc., Natick, MA) to estimate the
instantaneous (Ei,inst) and equilibrium (Ei,eq) indentation
moduli and creep time-constant (s) based on a three-element
spring-dashpot model for spherical indentation21.
Analytical Hertz contact equation:
F ¼ 4
3
Ei
1 v2R
1=2d3=2 Equation 2
Time-dependent response for three-element model for spher-
ical indentation21:
EiðtÞ ¼ Ei;eq þ Ei;inst
0
@et
.
s
1
A Equation 3
The ratio of equilibrium-to-instantaneous indentation moduli
(Ei,eq:Ei,inst) was calculated as an index of the elastic-to-viscous
contributions to the mechanical behavior of the cartilage surface.
The Ei,eq:Ei,inst ratio is similar to phase angle, which is commonly
determined in sinusoidally oscillating cyclic loading studies
(e.g., Refs. 21,31,32) to quantify the relative contributions of elastic vs
viscous material behavior. (At their limits, a Ei,eq:Ei,inst ratio of 1,
indicating purely elastic behavior, corresponds to a phase angle of 0;
whereas a Ei,eq:Ei,inst ratio close to zero indicating a purely viscous
material response would correspond to a phase angle of 90).Quantitative microscopy
Microscopic analyses were conducted on adjacent osteochon-
dral prisms, which were ﬁxed in 4% paraformaldehyde, decalciﬁed
in EDTA, dehydrated, and embedded in parafﬁn. Collagen organi-
zation was assessed by quantitative polarized light microscopy
(PLM); proteoglycan distribution was assessed by digital densi-
tometry (DD) of safranin-O staining.Fig. 2. A) Representative 5 retardance image showing 3 ROI from which retardance
data were used. B) Retardance data from a ROI showing superﬁcial zone and tidemark
(blue line). C) Representative 20 retardance image, showing topmost 25 mm of the
superﬁcial surface (single pixel yellow lines) from same location as shown in A). Vital
staining of adjacent sections showed that cell lacunae observed throughout the
superﬁcial zone (white arrows) were occupied by viable chondrocytes (data not
shown). Scale bar, 100 mm; maximum retardance (white), 50 nm.Quantitative PLM
Birefringence of collagen ﬁbrils was quantiﬁed from unstained
ﬁfteen-micron-thick sections. Since the plane of vertical sectioning
has been shown to affect birefringence, sections were carefully
oriented in parallel with cartilage split lines33. Cartilage sections
were illuminated with elliptically polarized light on a Zeiss Axio-
plan 2 microscope equipped with 5 (NA 0.15) and 20 (NA 0.30)
objectives. Digital photomicrographs were acquired with
a computer-controlled liquid crystal analyzer (LC Polscope system,
Cambridge Research and Instrumentation, Woburn, MA, USA). One
lowmagniﬁcation (5 objective, 2.01 mm square pixel size) and two
high magniﬁcation (20 objective, 0.5 mm square nominal pixel
size) retardance images were recorded from four sections for each
of the six CtleCCLx sample-pairs.
Lowmagniﬁcation images were used to measure cartilage zonal
arrangement34e36. Each image was divided into three regions ofinterest (ROI), each 250 pixels wide [Fig. 2(A)]. ROI’s were manually
aligned to ensure that retardance measures were perpendicular to
the articular surface [Fig. 2(A)]. Total thickness (tC), absolute SZ
thickness (tSZ) and peak superﬁcial zone retardance (PRSZ) were
Table I
Mean dynamic indentationmodulus (E*, MPa) for surface cartilage from CCLx and Ctl joints for 10 Hz vs 2 Hz cyclic indentation frequency (mean, 95% CI), P-values indicated for
paired difference between 10 vs 2 Hz.
Force [mN] E* (Ctl) E* (CCLx)
10 Hz 2 Hz P-value 10 Hz 2 Hz P-value
1 2.33 (1.76, 2.91) 1.75 (1.14, 2.35) 0.019 0.58 (0.46, 0.70) 0.50 (0.36, 0.65) 0.22
2 4.41 (3.23, 5.59) 2.50 (1.94, 3.06) 0.0003 0.94 (.76, 1.11) 0.73 (0.61, 0.86) 0.0039
5 11.45 (9.37, 13.52) 5.53 (4.26, 6.80) <0.0001 1.92 (1.59, 2.25) 1.63 (1.42, 1.83) 0.026
Fig. 3. Representative curve of Ei vs t from a single creep test on Ctl cartilage. Grey
curve indicates raw data points; black line indicates best ﬁt based on three-element
model.
J. Desrochers et al. / Osteoarthritis and Cartilage 20 (2012) 413e421416calculated for each ROI via a semi-automated program imple-
mented in Matlab. The total thickness was deﬁned as the depth
from the inﬂection of the retardance signal e indicating the
superﬁcial surface e to the local minimum in the vicinity of the
visible tidemark. SZ thickness was deﬁned as the distance from the
surface to the ﬁrst local minimum after the peak, [after34]
[Fig. 2(B)]. Proportional SZ thickness (tP) was deﬁned as the abso-
lute SZ thickness divided by the total thickness. Mean superﬁcial
zone retardance (MRSZ) was calculated by dividing the sum of the
retardance of each pixel in the superﬁcial zone by the number of
pixels in the zone.
High magniﬁcation (20) images were used to evaluate the
retardance of the top-25 mm of the cartilage surface (MR25)
[Fig. 2(C)]. The top-25 mm of the cartilage surface was selected as
the ‘zone of inﬂuence’ of the measured mechanical properties
based on a recent microscale AFM study that reported distortion
ﬁelds beneath the AFM tip that were restricted to within approxi-
mately eight tip radii31.
DD of safranin-O
DD was used to evaluate the relative spatial concentration of
proteoglycans throughout the tissue depth37,38 from eight-micron-
thick sections stained with 0.5% safranin-O. Cartilage sections were
illuminated with monochromatic light (470e550 nm) by inserting
Kodak Wratten ﬁlters, (#102 and #44A) into the light path.
Grayscale images from two to four sections per osteochondral
sample were recorded at 5 magniﬁcation. Similar to polarized
light analyses, each grayscale image was divided into three ROI,
250 pixels wide, in which the articular cartilage surface aligned
with the horizontal axis of the image. The log10 based optical
density of the camera system was calibrated using a series of
neutral density ﬁlters. Grayscale images (1.47  1.47 mm nominal
pixel size) were converted to optical density (0e3.8 absorbance
units, r2 ¼ 0.999) using the Rodbard calibration function in
ImageJ39. Optical density analyses were determined via a semi-
automated program implemented in Matlab. Measurements were
recorded from the cartilage surfacee deﬁned as the initial deﬂection
in optical density e to the tidemark, which was deﬁned as the local
minimum in optical density in the vicinity of the visible tidemark.
The mode absorbance valuewas determined for each horizontal row
within the measurement area37. The area integrated optical density
(AIOD, 1/nm2) was calculated for the superﬁcial zone of each
osteochondral section. Superﬁcial zoneswere deﬁned independently
for each sample from the average thickness of the superﬁcial zone in
the adjacent sections used for polarized light analyses.
Statistics
Statistical analyses were done using SPSS software (IBM SPSS
Statistics 19). Normal distributions were found for dynamic moduli,
creep parameters and all microscopy measures by
KolmogoroveSmirnov normality tests (using exact P-values due to
small sample size). Thus, paired t-tests were used to test for
differences between Ctl and CCLx cartilages and 10 vs 2 Hz loadingfrequencies at a signiﬁcance level of a ¼ 0.05. Data are reported as
means with 95% conﬁdence intervals (CI) in parentheses. Pearson
pair-wise correlation analyses were conducted to study relations
between collagen organization, proteoglycan content and dynamic
and creep moduli of surface zone articular cartilage.
Results
Time-dependent AFM analyses
Cyclic indentation
Dynamic indentation moduli increased with increasing inden-
tation force in both CCLx and Ctl cartilages for both 2 Hz20 and 10 Hz
loading. Ctl and CCLx cartilages exhibited statistically signiﬁcant
load rate sensitivity for 2 and 5 mN loading in cartilage from CCLx
joints and at all load levels for Ctl’s (Table I). The drastic reduction in
dynamic indentation modulus demonstrates considerable soft-
ening of the cartilage surface following ligament transection, which
was recently reported for 2 Hz loading20, and persisted for 10 Hz
loading. Mean indentation moduli were reduced by up to six-times
in CCLx cartilage.
AFM creep testing
The three-element spring-damper model provided a reasonably
good ﬁt to the creep curve of Ei vs t (average R2 ¼ 0.95), (Fig. 3).
However, instantaneous moduli estimated by the model curve ﬁt
(Ei,inst) were lower than instantaneous moduli calculated from
Table II
Curve ﬁt parameters for surface cartilage from CCLx and Ctl joints (mean, 95% CI),
P-values indicated for paired difference between CCLx vs Ctl.
Ctl CCLx P-value
Ei,inst [kPa] 258 (55, 460) 70 (15, 125) 0.047
Ei,eq [kPa] 233 (53, 413) 52 (17, 87) 0.044
Ratio of Ei,eq:Ei,inst 0.91 (0.89, 0.93) 0.77 (0.66, 0.88) 0.016
s [s] 10.6 (5.5, 15.6) 8.1 (3.9, 12.2) 0.022
Table IV
Mean and relative values of superﬁcial zone AIOD of safranin-O staining for
6 specimen pairs (mean, 95% CI), P-value indicated for paired difference between
CCLx vs Ctl.
AIOD [mm2]
Ctl 0.20 (0.15, 0.24)
CCLx 0.15 (0.10, 0.20)
Relative value (CCLx/Ctl) 0.79 (0.49, 1.09)
P-value 0.14
J. Desrochers et al. / Osteoarthritis and Cartilage 20 (2012) 413e421 417Equation 2 (data not shown, P ¼ 0.1 and 0.07 for the Ctl and CCLx
groups, respectively) indicating that the model tends to underes-
timate short-term (instantaneous) surface zone mechanics. Mean
effective creep moduli (Ei,inst and Ei,eq) were approximately ﬁve
times greater in surface cartilage from Ctl joints compared to
cartilage from CCLx joints, consistent with the dramatic softening
observed in dynamic indentation tests. The ratio of equilibrium vs
instantaneous effective indentation modulus (Ei,eq:Ei,inst) was
reduced by approximately 15%, while the experimental creep time-
constant was reduced by nearly 50% for surface cartilage from CCLx
compared to Ctl joints (Table II).Quantitative microscopy
Quantitative PLM
Total thickness was greater for CCLx cartilage in 4/6 sample
pairs. CCLx had reduced absolute superﬁcial zone thickness in 5/6
sample-pairs, and reduced proportional superﬁcial zone thickness
in all pairs. Peak, mean, and top-25 mm superﬁcial zone retardance
were reduced in all pairs (Table III) signifying a net change in
parallel organization of collagen ﬁbrils at the cartilage surface.
DD of safranin-O
CCLx cartilage exhibited reduced superﬁcial zone optical density
in 4/6 sample-pairs (Table IV) indicating a general reduction in
superﬁcial zone proteoglycans. Qualitative differences are shown in
the safranin-O stained photomicrographs (Fig. 4).Correlations between AFM analyses and quantitative microscopic
analyses
While metrics of collagen organization, proteoglycan content
and dynamic and creep moduli were all reduced in CCLx cartilage,
no statistically signiﬁcant correlations were detected.Discussion
Structural and biochemical changes in articular cartilage occur
throughout the pathogenesis of OA. These changes in tissue
microstructure accompany reductions in the time-dependent bulk
mechanical properties of cartilage, yet the relationships between
mechanical and ultrastructural changes of the cartilage surface in
early OA are poorly deﬁned. Thus, the overall goal of this work was
to measure changes in the microscale mechanics, collagenous
structure and proteoglycan content of the articular surface in anTable III
Total cartilage thickness, absolute and proportional superﬁcial zone thickness, peak, mea
values indicated for paired difference between CCLx vs Ctl.
tC [mm] tSZ [mm] tP [%]
Ctl 728 (455, 1002) 77 (57, 96) 11.1 (9.0, 1
CCLx 961 (799, 1123) 42 (31, 52) 4.6 (3.2, 6
Ratio [CCLx/Ctl] 1.50 (0.87, 2.13) 0.59 (0.35, 0.83) 0.43 (0.28,
P-value 0.090 0.012 0.0005in vivo model of OA to better understand the early pathogenesis of
cartilage degeneration in this disease.
A signiﬁcant load rate-dependent increase in dynamic inden-
tation modulus was observed for all loading groups except for CCLx
cartilage under 1 mN. Dynamic moduli were reduced by up to six-
times for both 2 Hz20 and 10 Hz loading frequencies, while creep
moduli were reduced by up to ﬁve-times in CCLx cartilage indi-
cating dramatic softening of the cartilage surface after 13 weeks of
joint instability20. The equilibrium-to-instantaneous modulus ratio
and creep time-constant were 15% and 50% lower for CCLx
compared to Ctl cartilage demonstrating an increase in viscous
behavior, which is consistent with previous bulk studies of cartilage
intrinsic viscoelasticity32. Retardance of the superﬁcial zone was
reduced by up to 50% indicating a considerable net change in
surface collagen ﬁbril organization. Mean optical density of
safranin-O staining in the superﬁcial zone was reduced by
approximately 20% in cartilage from CCLx joints. Reductions were
not statistically signiﬁcant, suggesting that while superﬁcial zone
proteoglycans are generally depleted, the rate and extent of
depletion in the surface zone may vary with time and location in
canine injury models of OA13,37,40. Taken together, these data
demonstrate that a reduction in microscale viscoelasticity of the
cartilage surface is one of the earliest functional changes that
accompanies or precedes the characteristic morphological and
biochemical changes in this model and in clinical OA.
These AFM analyses were performed on the intact surface of
fresh, hydrated cartilage samples, facilitating direct measurements
of the transient functional properties of the articular surface in
cartilage from normal joints and joints with early post-traumatic
OA. We chose to focus our study on changes in surface
mechanics because earlier studies suggest that biochemical and
morphological changes in OA occur ﬁrst at the articular surface
before progressing into the deeper zones (e.g., Refs. 12,41 ). The
AFM approach was selected to enable direct, local microscale
functional measurements of the articular cartilage surface. The
5 mm-diameter probe tip, which is 10e100 larger than the
diameter of a typical cartilage collagen ﬁbril18,20, was selected to
estimate the microscale mechanical parameters of articular
surface cartilage. These measurements cannot uncouple the
contributions of individual matrix components (i.e., collagens and
proteoglycans), which is possible with nanoscale probes18. Rather,
these properties indicate how small congregates of ECM macro-
molecules behave as a functional ensemble in healthy and
degenerated tissue.n and top-25 mm superﬁcial zone retardance for 6 specimen pairs (mean, 95% CI), P-
PRSZ [nm] MRSZ [nm] MR25 [nm]
3.2) 16.3 (12.0, 20.7) 10.7 (8.1, 13.1) 17.3 (10.2, 24.5)
.1) 8.7 (7.5, 9.9) 6.2 (5.5, 6.8) 9.5 (8.1, 10.9)
0.58) 0.59 (0.36, 0.82) 0.62 (0.43, 0.81) 0.63 (0.34, 0.93)
0.011 0.0080 0.026
Fig. 4. Representative photomicrographs of safranin-O stained cartilage sections. Images demonstrate changes in superﬁcial zone proteoglycan staining in Ctl (A and C) compared to
CCLx (B and D) cartilage. In image B, the reduction in safranin-O staining at the superﬁcial zone is evident; whereas in image D there is an increase in staining in the superﬁcial zone
compared to the Ctl image. Cartilage sections illuminated with monochromatic light (470e550 nm) by inserting Kodak Wratten ﬁlters, (#102 and #44A) into the light path. Scale
bar, 100 mm.
J. Desrochers et al. / Osteoarthritis and Cartilage 20 (2012) 413e421418The bulk viscoelastic behavior of cartilage is due to two mech-
anisms: ﬂow-dependent viscoelasticity due to interstitial ﬂuid ﬂow
through the solid matrix and ﬂow-independent (intrinsic) visco-
elasticity of the solid matrix itself. Previous AFMmicro-indentation
experiments have suggested that the measured properties are
those of the solid matrix in the absence of ﬂuid ﬂow15,20,22. A ﬂuid
depressurization time (sd) of <1 millisecond was estimated based
on biphasic theory using bulk cartilage properties (Equation 4): HA
is the aggregate modulus, k is the permeability and r is the radius of
the AFM indenter. These properties have recently been shown to be
scale-dependent. In particular, the microscale permeability of
cartilage was shown to decrease by a factor of 5042. A more
appropriate estimate of ﬂuid depressurization time for normal
cartilage at this scale is thus in the range of 50 milliseconds.
In degraded cartilage, bulk tissue permeability increases, while
aggregatemodulus decreases. Using representative values for k and
HA from the same in vivo animal model30, the microscale ﬂuid
depressurization time for degraded cartilage would be approxi-
mately 40 milliseconds. In these cyclic micro-indentation experi-
ments, the AFM tip indents the cartilage surface by 1e3 mm over
a period of approximately 100 milliseconds (2 Hz) and 40 milli-
seconds (10 Hz). Thus, at this length scale, the mechanical behavior
likely reﬂects both ﬂow-dependent and intrinsic viscoelasticity.Recent experimental evidence also suggests that ﬂow-dependent
(poroelastic) effects contribute signiﬁcantly to the load rate-
dependent mechanical behavior of the cartilage surface31.
In creep experiments, applied loads are held constant for at least
15 s, which greatly exceeds the ﬂuid depressurization time; thus,
creep measurements are therefore likely governed predominantly
by the intrinsic viscoelasticity of the solid ECM of the cartilage
surface21.
Theoretical characteristic time-constant of articular cartilage
based based on biphasic theory1:
sdzr
2
=HAk
Equation 4
The three-element spring-dashpot model was used to interpret
creep data because it facilitates a comparison of material properties
of the cartilage surface against a published model at the same
length scale21. Individual elements of the model do not represent
individual biochemical components of the cartilage matrix, nor
does the arrangement of the elements imply structural organiza-
tion of the material. Rather, the model is used to simplify
and explain the behavior of the material as a whole, including
interactions within and between its constituent parts. The three-
element model provided a good approximation of surface
J. Desrochers et al. / Osteoarthritis and Cartilage 20 (2012) 413e421 419cartilage creep behavior beyondw2 s of creep loading and resolved
differences in microscale creep moduli and time-constants in
cartilage from joints with early post-traumatic OA compared to
contralateral controls. The poor model ﬁt of very early creep
behavior (Fig. 3) may be due to the contribution of ﬂow-dependent
viscoelasticity to material behavior upon initial loading. In future
studies, more complex microscale models, (e.g., Refs. 43e48 ) could
be adapted to better resolve the time-dependent mechanics of
these creep experiments during initial loading.
The load rate-dependent increase in E* observed in thesemicro-
indentation tests is consistent with previously reported dynamic
oscillatory loading experiments and classical nano-indentation
tests (i.e., Han and colleagues21). In contrast, Park and co-authors
did not observe a load rate-dependence in AFM indentation tests
of normal bovine cartilage at load rates of 1 vs 10 Hz15. Since the
dependence of modulus on frequency is non-linear21, the inde-
pendence of modulus and load rate reported by Park and
colleagues15 may be because the frequency range was insufﬁcient
to capture the load rate dependence of E* for the experimental
conditions (e.g., indentation forces, depths and data analysis
methods) of that study. Similarly, the frequency range was likely
inadequate to capture a load rate-dependence of indentation
modulus in the 5 mN CCLx loading group in this study.
Time-dependent analyses of cartilage nano- to microscale
mechanics were recently reported in an ex-vivo model of cartilage
degradation by Han et al.21, where bovine cartilage was digested
with trypsin and chondroitinase-ABC until there was near-
complete depletion of cartilage proteoglycans. Proteoglycan
depletion is commonly used to model OA (e.g., Refs. 49,50 ). In
contrast, the present study measures time-dependent changes in
microscale mechanical parameters in an in vivo animal model of
cartilage disease. Thus, these micromechanical tests assess the
consequences of the range of endogenous molecular changes e
including proteoglycan and collagen synthesis and degradation e
that characterize OA pathogenesis in canines and humans. The
in vivo pathobiology resulted in variable changes in superﬁcial zone
proteoglycan content (with amean reduction in safranin-O staining
of w20%) that were not statistically signiﬁcant at the chosen test
site and time-point in this experimental model. In contrast,
measures of collagen ﬁbril organization including superﬁcial zone
thickness and microscale collagen organization (retardance) were
all signiﬁcantly reduced in CCLx cartilage indicating that changes in
surface collagen architecture are a consistent feature in this model.
In the enzyme-digestion study by Han et al.21, the effects of enzyme
treatment on the collagen architecture were not directly investi-
gated; hence, the contributions of any enzymatically-induced
changes in collagen architecture to surface mechanics are
unknown.
Differences in models notwithstanding, the relative reduction in
creep moduli (3e5 fold decrease) and characteristic creep time-
constant (w50% decrease) observed in CCLx vs Ctl cartilages in
the present study were of similar magnitude to those reported by
Han and colleagues21. That these two models led to a similar
reduction in moduli implies that microscale surface softening may
occur bymultiple mechanisms that directly or indirectly reduce the
integrity of the small congregates of macromolecules that form the
articular surface. Thus, the present studies demonstrate that the
microscale mechanical consequences of chronic joint instability in
this in vivo model of OA are similar to those induced by enzymatic
depletion of proteoglycans: however, these in vivo analyses show
that early changes in organization of the collagenous network of
the superﬁcial zone are more consistent than proteoglycan loss in
the canine CCLx model.
The integrity and organization of the collagenous component of
the superﬁcial zone cartilage would seem to be a primarydeterminant of how the articular surface resists loads in early joint
degeneration. Loosening of the surface collagen meshwork would
reduce the effectiveness of the ECM at restraining the swelling
pressure within the cartilage and diminish the retention of
proteoglycans. Moreover, surface softening could lead to increased
loading and promote additional distortion of the remaining
collagen network, which may further increase its susceptibility to
damage from loading. This may in turn provoke further loss of PGs
and disruptions in matrixecell interactions and increase the
possibility of chondrocyte injury and death.
While these data suggest that reductions in collagen meshwork
organization are more pronounced compared to proteoglycan loss
at this stage of disease, the exact details of which structural
components (i.e., proteoglycans, glycoproteins, collagens, etc.)
degrade ﬁrst and the effects of these degradations on the micro-
scale mechanics of the cartilage surface still require further study.
Nevertheless, it is clear that changes in the micromechanics of
these small congregates of macromolecules are a functional hall-
mark of early OA. As viable chondrocytes were observed
throughout the superﬁcial zone in the present study, as well as
previous work51, it would seem that the initial events in the path-
ogenesis of OA are more likely due to either enzymatic or
mechanical degradation of the ECM, rather than to insufﬁcient
matrix synthesis due to traumatic or programmed cell death. If so,
therapeutic approaches for chondroprotection following joint
instability would seem to be best designed to promote mainte-
nance and restoration of functional tissue architecture e particu-
larly the collagenous component e of the cartilage surface.
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